Room-temperature impedance measurements of a thin-film 
Introduction
The stability of the interface between LiMn 2 O 4 and LiPF 6 -containing carbonate electrolytes, especially at elevated temperature, is critical to the commercial application of this otherwise desirable battery chemistry. Cell performance degrades at unacceptably high rates when LiMn 2 O 4 electrodes are cycled against either lithium metal 1, 2 or carbon anodes 3, 4 , at temperatures of 50-60°C. The mechanisms proposed for the degradation vary widely and are discussed in depth in the recent paper by Amatucci et. al 5 . Most authors claim involvement by protons generated at the cathode by decomposition of the LiPF 6 -containing electrolyte [2] [3] [4] 6 , however reaction with pure DMC has also been shown to be detrimental 7 . In addition, the carbon used as an electronic conductor within the LiMn 2 O 4 positive has been implicated in the degradation 8 . Acidic protons are clearly detrimental to a carbon anode, but they also appear in mechanisms for LiMn 2 O 4 degradation through exchange for lithium in the structure and disproportionation of the What is clear is that the degradation of LiMn 2 O 4 is complex and occurs at least initially at the oxide/electrolyte interface. We have been using thin dense films of LiMn 2 O 4 , produced with pulsed laser deposition (PLD), as a model system for the study 3 of the electrochemical properties of this important cathode material 13, 14 in the absence of conductive diluents or binders. In this work, this interface is studied with electrochemical impedance spectroscopy (EIS) at room temperature. The dependence of the impedance response on film morphology, film state-of-charge (SOC), the time spent at different SOC's yields interesting information regarding the initial steps in the mechanism for LiMn 2 O 4 surface degradation. The progression of these steps during constant current cycling was also followed with EIS.
Experimental Procedures
Pure LiMn 2 O 4 films are crystalline as prepared by pulsed laser deposition (PLD), at 600° C and 100 mtorr O 2 , on polished (0.1 µm) 0.3 cm 2 -diameter stainless steel substrates. Their structure, morphology and electrochemical behavior have already been reported 14, 15 . Ex situ Raman spectra were recorded using a Raman microscope by ISA Groupe Horiba, model Labram. The incident laser beam (l=632.8 nm) was focused to 1.5 micron, and its power measured at the sample was adjusted to 10 mW, unless otherwise stated. Film morphology was evaluated with both atomic force microscopy (AFM) and optical interferrometry (Zygo Microscope). Some films were deposited on a 100nm-thick Pt buffer layer, also prepared with PLD. "Powder" films were prepared as a porous PVdF-bonded Li 1.05 Mn 1.95 O 4 (obtained from EM Science) layer containing 5 wt% acetylene black on the same 0.3 cm 2 stainless steel disk. Films were studied by embedding the 3 mm disk into the end of a polypropylene or Kel-F rod, which was inserted into a polypropylene cell, fitted with lithium metal reference and counter electrodes and filled with about 5 ml of 1M LiPF 6 /EC/DMC (1:2) electrolyte (EM Science). Cyclic voltammetry (1 mV/s), used for film characterization, was carried out with a PAR 273 potentiostat. Electrochemical Impedance Spectroscopic (EIS) measurements were carried out with a Solartron 1260 FRA and a Solartron 1286 potentiostat using a perturbation of ± 10mV between 80k and 60mHz controlled by the ZPlot software. EIS data were fit to various circuit models with the ZView software.
Results and Discussion

Film Characterization
The LiMn 2 O 4 films were crystalline as prepared (see Fig. 1 ) with lattice parameters very near 8.24 Å, suggesting that they are close to stoichiometric. The lithium content was not measured directly due to the small chemical inventory of the PLD films.
Film structure was also characterized with slow-sweep cyclic voltammetry (CV) and Raman spectroscopy. Fig. 2 shows the CV's recorded for three series of films, including one with a Pt buffer layer. The positions of the CV peaks shifted slightly between deposition runs but were quite consistent for films from the same run. The relative capacities (peak areas) of the lower to higher potential "4-volt" peaks can be used as a measure of the stoichiometry of the film 14 . Most of the films studied here showed peak ratios of about 52/47. One series of films had somewhat higher lithium content with a peak capacity ratio of about 58/42. These films showed slightly different impedance behavior, as will be discussed below. CV was also used to determine capacity, and film thickness was estimated using the theoretical density of 4.4 g/cm and a shoulder at about 570 cm -1 , consistent with the literature 16 . There is some evidence of the four higher frequency peaks predicted by factor group theory.
In general, the LiMn 2 O 4 films prepared in our lab show electrochemical behavior similar to those of bulk powders, however without the need for binders or conductive diluents. However, they tend to show somewhat better cycling stability especially at whereas the mid to low frequency behavior was found to depend on SOC, and time in the electrolyte.
Morphology Dependence at High Frequency
The high frequency limit is characterized by an ohmic resistance for this cell that varies from about 25 to 50 Ω depending on the exact position of the WE shaft relative to the RE. This is consistent with an electrolyte conductivity of about 10 (Ωcm) behavior can be fit with a resistor (R Ω ) in series with a parallel combination of a constant phase element (CPE S ) and another resistor (R S ). The CPE is often used to model a porous electrode where it is used as an approximation of the transmission line circuit. This approach has been used to characterize surface roughness in electrochemical systems 17 . Table 1 shows the parameters derived from fitting the data in Figure 5 . The capacitance of this interface was estimated from the impedance at 10k Hz and the angle φ characterizes the depression of the semicircle below the real axis. As mentioned above, the addition of a Pt buffer layer to the stainless steel surface reduces the roughness of the 
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The size of this loop is controlled primarily by the charge-transfer kinetics at the interface. For simplicity in analysis we are using the magnitude of the impedance, at a fixed frequency, to quantify the changes with time, as illustrated in Figure 7 for two states-of-charge. It is clear that the rate of the impedance rise decreases with an increase in the SOC, or decrease in the amount of Mn 3+ in the film. The one lithium-excess film studied with this technique also showed a rise in impedance with time but with a somewhat delayed response (also shown in Fig. 7 ). This film is expected to have a lower initial Mn 3+ content.
The spontaneous impedance rises measured at EOD were found to be reversible for all films tested. After measuring the 1080-minute spectrum (Fig.6) , the potential was swept at 1 mV/s for 4 cycles between 3.7 and 4.5 V vs. Li/Li + , again ending at 3.7V. The "recovered" impedance (see Fig.6 ), recorded after a 15 min. rest period, can be seen to be almost identical to the prior trace. The first anodic sweep of this recovery CV (shown in 9 shows similar shapes of the oxidation peaks for the film left at EOD with those for a film that had been previously reduced well into the tetragonal phase region with CV.
These peaks were explained as the slow removal of Li + from the octahedral sites that are populated in the tetragonally distorted spinel 13 . In Fig. 10 , Raman spectra recorded for films that were left in the electrolyte at room temperature and EOD, for 18h and 2 weeks are compared with spectra for a fresh film and a chemically-prepared Li 2 Mn 2 O 4 powder
reference. The 18h film shows a strong peak at about 605 cm -1 that is clearly attributable to the tetragonal spinel, with shoulders on either side from the remaining cubic phase.
The spectrum for the film left at EOD for 2 weeks shows the 605 cm ρπ; stoichiometric film at EOD after cycling: ¯. 
